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Abstcract

A summary is presented of a study of critical fluctuations using

laser Iight scattering t-hniques ut.der contract N00014-67-A-0239-OOi4

and N00014-76-C-0304 with ONR. Hitghl ights of the ac-omvlisluzxents are

experim ental verification f exponential d ,cay of critical fluctuations

and of The hypothesis of dynamical s-aling, eAperimental observation '-

an effect of a viscosity anoI']y on the decay rate of the fluctuations

and experimental evidence for the principle of universality of the crit-

ical correlation function.
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£ 1. Introduction

ThIs report summarizes the research and accomplishments conducted at the !

University of Maryland under contract N00014-67-A-0239-0014 fromi August 1970

till Augrst 1975 and under contract N0014-76-C.-0304 from ,ugust 1975 ttll

August 197G with the Office of Naval Research.

5 The research was concerned with studies of fluctuations in materials

near a critical point phase transition using laser light scattering tect.-Mik:u,

I The research was conducted under the supervision of Professors C.O. Alley! and

J.V. Sengers as ca-principal investigators with Professor R.F. Chang as their

main collaborator or. th~s projeLt. The experiments were conducted by Professor

£ Chatg in the quantum electronics laboratory of :jofessor Alley. Professor

Sengers supervised the 'lterpretation of the exp,:riJental results. During

the course of the joject the investigators were assisted by .wO postdoctaral

aso,-.i'tes, namely Dr. C. 'tendjaballah (1972-1973) and Dr. A.J. Bray (1974-1976)

I and by tbree graduate students, namely P.R. Keyes, M. Wigdor and H. Burstyn.

Ix. Sum-nry of Acccaplisbm .ts

3 Critical point phase trautzitios occur !n a large variety of dlfer...

kinds of physical systems sucth as ferrcmagnets near the Curie point, a:-,i-

ferroagets near the Niel point, alloys exhibiting order-disorder trnsit ions

(e.g, awmnium chloride), binary liquld '7ixtures near the critica. point ofIR
mixi'ig and fluids near the gas-liquid critical point. These diverse physical

systems have a number of phenomwna in common near their respective criti-.al

points. .me important common featu,, is the existence of large thermal

:IuctuLt.ons in all these systems near the critical, point.

3I
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m The main purpz ie of the research was to study the nature of these crt.tical

fluctuations. The fluctuations may be characterized by a correlation length 5
ikich diverges at the critical point. This implies that in the vicinity of

a critical point the correlation length becomes much larger than the range

of intermolecular forces. Hcmce, the fluctuations near the critical Pc-irt-

become insensitive to the dernili of these iiteractions. It is believe'.

-herefore, that the critical fluctuaticn behavior in the various different

systems hns an -.ssential similarity, referred to as the principle of uni-

veslt of" critical behavior.

T14 existance of diverse physical systems displaying analogous critical 
2

I phenomena .rovides the experimenter with the upportunity rt choose both t'le

best material and the best technique for sttudyip- -pecific aspects of Crit-

cal phenomeva. The size ot the fluctuations in magnetic soLids far fr( ,

j the critical point can be readily measurel with neutron scattering (nch

experiments were -,nducted simItaneously by ?rofessor Minkiewicz ani are

continued by Prof,_ ,r Lynn at 'he University of Maryland). Howeve, this[ tecmique as serious limitations very close to the critic" point becaase

the fluctuations extend over distances much larger than the wavele.gt".F. 4.
the neu:rins. Moreover, very close to the criticil point all experiments on

solids are limited by latt-,ce strains which result from impurities, vacancies,

I etc. On the other hand, fluctuatflan; in gases and liquids, which continuously

"anneal" themselves can be studied accurately by laser light scattering

techniques. However, experiments near the gas-liquid critical point are

severely affected by maitiple scattering. Hence, experiments in binary

Liquids near the c-ltical poirt, where multiple scattering can be minimized

by refractive Index matching, seemed to offer the best ;pportunity for

studying the fiuctuations in se close vicinity of the critical point. Hence,

it was decided to measure the critical fluctuations in the binary liquid



3-methylpentane-nitroethane. The wisdom of this choice has been confirmed

by the experimental results as we sha ll see below.

Here we give a brief survey of the results of the 1.search. For the

A:' details of our accomplishments we refer t the publications and reports

listed in Section III.

When the experiments were initiated, Pvofessor Korenman made a theor-

cal analysis of what type of information could be obtained from the applica-

tion of sophisticated photon counting techniq,.es near the critical point of

fluids.' At the same time Professor Sengers made aa analysis of the nature

of the transport processes anJ the decay rate of the fluctuations near the

critical point of fluids on the basis of existing experimental data.2 ,3 In

c particular, he found that the decay rate data couid indeed be described in

terms of the modern concepts -or treating crit £cal point phenomraa provided

1. the decay rate was separated in an anomalous and a regular part.

The correlation length, determining the spatial extent of the critical

fluctuations, can be measured by determining the intensity of scattered light

as a function of the scattering angle. The decay rate can be obtained fror

the frequency distribution of the scattered light. A theory for the deca'

rate of the critical fluctuations was originally developed by Kawasaki at

T.inplc Un.versitv -;d Ferrell at the University of Maryland. This theory

II related the decay rate to the correlation length and the -hear viscosity of

the s~stem. In the literature it was claimed that this theory gave an ade- *

quate account of the experimentally observed decay rate. However, due to

the difficulty of obtaining accurate light scattering data, and hence accurate

data for the correlating .tength, the theory was always applied using adjus-

table parameters for the temperature dependence of the correlation length.

In our opinion, in order for a crucial test of the theory, it was is.perative

that the correlation length and the decay rate of the critical fluctuations



both be measured simultaneously for the same physical system. This was the

£ purpose of our first series of experiments completed in 1972 and reported in

referencL3 4,5,6. These exu.,ijents showed for the first time that the

theoretical expressions derived by Kawasaki and Ferrell in fact were in-

sufficient to account for the experimentally observed decay rate of the

critical fluctuations. This result was caused, in part, by effects from a.

T~ anomalous viscosity behavior on the decay rate aid it led to considerable

activity by a number of theoretical investigators at the University of

Y.aryland as well as elsewhere and several refined fnrmulations were proposed6 a

yielding improved agreement with the experimental data.

rhese theories suggested that also the assumption of exponential decay

of the fluctuations might break down close to tl--. :ritical point. With an

improved photon count i' g detection procedure we started to investigate the

nature of the time dependence of the critical fluctuations more accurately

and we were able to verify the exporential nature of this decay up to very

close to the critical point.
7

Nevertheless, a number of auestions remained unanswere4. First, al-

U .though the new zefined theories led to an improved agreement between thtu. -

fl and experiment, the various theories (sometimes roferred to as mode-coupling

and decotipled-mode theories) ioelded, in fact, predictions different from

each ether. However, it was impossible to discriminate between these theories

based on the existing experimental capability. Secondly, tie long range

character of the critical correlation function is characterized by an exponent

which appeared to be a ve.- elusive property to be measured experimentally.

Finally, there remained the nagging question whether the difference between

the critical expea.ents deduced experimentally for fl-id systems and the

theoretical values calculated for the Ising model Indicated a small but

I a
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I fundamnta] difference between fluid system and lattice s;atcvw . it was

j eviden: that in order to answer these questions satisfactorily, considerably

more a "curate light scattering intensity measurements would be required.

j This g~al has been the object of our research during the past three -years

and we are pleased that we have succeeded in obtaining light ttr,4;

I data vw.th a precision of 0.2% which represents an improvement of the przc

by one order of magnitude. 1 1

W en data are to be obtained with such precision, many smail cffects,

pivvioisly ignored, must be taken into account. Most important is a precise

aressaent of the effect of double scattering which was studied extmsLvely.

T-ie new experimental results are reported in the Appendix of this re-

i[. The interpretation of these results was sr tly facilitated by the

7 ' t tiat Dr. Bray at the University of Maryland had been able ro develop au

.ura-e theoretical foriation for the correlation function of the Ising

Aael. When the data were interpreted in terms of this theoretical corre-

1 ation function, it appeared that the critical exponents deduced from our data

fir the binary liquid were extremely close to a recent calculation o

-Arese exponents for the tsing model. For details we refet to the Appei..-.

Le thus have obtained at the conclusion of the present phase of the proJeLt

trong experimental evidence that the critical correlation function is indeed

iversal and the same i;i fluids and solids. This is the first tine that

ch expetimental information for the correlation function of fluids has been

Atr alred. We may confidently expect that our further experimental work on

p :-.. critical fluctiattons in liquids ay yield valuable information for

f]uids and solid system alike.

_4
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I IUT. L-st -if publications ar.d technical reports.
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V. Iorenman, Phys. Rev. A2, 449-458 (1970).
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Poii.t," J. V. Sengers and P. H. Keyes, Phys. Rev. Letters 26, 70-73

3. "Tr.tnsport Properties of Fluids Near Critical Points," J. V. Sengers,
in",:ritical Phenomena," Proc. Intern. School "krico Fermi," Course
L1, M. S. Green, ed. (Academic Press, New York, 1971), pp. 4 45-507 .

4. "Dytamics of Concentration Fluctuations near the Critical in̂  ?c:r
of t Binary Fluid," R. F. Chang, P. H. Keyes, J. V. Senvers and C. 0.
All-y, Phys. Rev. Letters 27, 1706-1709 (1971).

-5 "No i-local Effects in _he Diffusion Coefficient of a Binary Fluid Near
the Critical Mixing Point," R. F. Chang, P. H. Keyes, J. V_ Sengers and
C.O. Alley, Ber. Bunsenges, physik. Chemie 76, 260-267 (1972).

S. "Coicentration Fluctuations in the Critical Region of the Binary Liquid
3-M-thylpentane-Nitroethane," P. H. Keyes, R. F. Chang, J. V. Sen.'ers and
C. ). Alley, Technical Report No. 73-018 (Department of Ph'ysics and
Ast:onomy, University of Maryland, College Park. Maryland, 1972), 105 pp.

. "Au:ocorrelation Function of Scattered Light for Binary Fluid Eear
the Critical Mixing Point", C. Bendjaballah, Opt. Comm. 4. 279-282 (1973).

T. _The Three-Particle Collision Term in the Generalized Bollzann Equation,"
J i Senwers, Azta Physica Austriaca, Suppl. X, 177-2C8 (1973).

I. Dculble Scattering Correctior in the Interpretation ofl Rzylei,_r Se~ttering
Data near the Critical Point", A. J. Bray and R. F. Chang, Pbi. Rg-

A12, 2L94-2605 (1915).

iL. "Pxogress Report on the 'leasurement of the Critical Exzcnent n 3a

f Bitary Liquid Mixture Year Y.s Critical Mixing Point", R. F. "h,' 'nd!! H. Burstyn, Technical Report No. 76-040 (Depaztment of Phvsics andAstronomy, University of Maryland, College Park, Maryland. 1975), 2i pp.

Z "perimental Determination of the Critical Correlation Function for a
ii Bitary Liquid Mixture: Evidence for Universality", R. F. Cha'. F_

Buistyn, J. V. Sengers, and A. J. Bray, Technical Repo-, No. 77-I',
(D* partment of Physics and Astronomy, University of Maryland. CflieB
Paik, M1aryl.ud, 1976), submitted to Phys. Rev. Letters.
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Experimntal Determination of the Critical Correlation F

for a Binary Liquid Mixture: Evidence for Universality*I '
I. F. COhang, H. Burstyn, J. V. Sengers and A. j. Brayi

Deparument of Physics and Astronomy
and

I Institute for Physical Science and TecbnologyUniversity of Maryland, College Park, Md. 20742

!a
£ ,_

Abstract

Using light scattering techniques we have measured the correlation

function of a binary liquid near the critical point with a precision of

0.2%. The data cover a range of 0.18 < k& < 26 in terms of the scaling J
Ivariable k& and yield the critical exponent values r - 1.240 ± 0.007,

v - 0.625 ± 0.003 and n = 0.016 _ 0.007. The results indicate that bizary

liquids belong to the Game universality class as the Ising nodel.
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lear a second order phase transition the intensity of scattered radiation

for scattering vector k is proportional to the Fourier transform x(k) of the

order parameter correlation function. SufficIently close to the critical

temperature Te one expects the scaling form

X(k) = r t g(k,)

I where t = (T-T )/T , f the susceptibility exponent , , the correlation length
c

and g(x) the correlation scaling function1 .

According to the universality hypothesis, systems having the sam basic

f symmetries are expected to have identical critical exponents and scaling

functions, and are said to belong to the same univer-!lity c 2 It Is

I widely assumed that universality classes for homogeneous, isotropic systes

if may be assigned according to the spatial dimensionality d and the nuber of

components n of the order parameter. Tis ass=ption implies that fluids near

i the gas-liquid critical point and binary liquids near the consolute point

should belong to the same universality class (d 3, n 1) as the three-

dimensional Ising model. The critical expoucnts for this universality clas.

'have been calculav i using high-temperature series expansion techniques 3 ,4

5,6
and renormalization group techniques . Ihe various calculations yield

numerically similar results although some small unresolved discrepancies

do exist.

Durtg the past years the values reported for the critical exponents of
73

gases as well as binary liquids appeared to deviate from those att-Lbuted to

the Ising model. However, recent experiments of Hocken and oldover on Xe, t

SF6 and CO2 extremely close to the gas-liquid critical point indicated that1 9
the expoinents do approach Ising like values .In addition, recevt co-

existence curve data obtained by Greer for the isobutyric acid and vater

2
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I
5 mixture showed good agreement between the experimental and the Ising value

for the exponent 1

In order to further investigate the hypothesis of universality, with

particular emphasis on that For the critical correlation function, we have

obtaized a series of accurate light scattering measurements for the binary

Iliquid 3-ethylpent:ne-itroeohane. The zasurements enable us to determin

the critical exponents and the correlation scealing fuaction. The values

lobtane for the critical exponents are very close to those cbtained from

the Ginzburg-Landau-Wilson formulation of the Ising model by Baker et al. 6

Iindicating that binary liquid mixtures do indeed belong to the same univer-

f sality class as the Ising model.

Using photon counting techniques the scattered intensity ar a scattering

5 angle of 90* was measured as a function of temperature. Data points taken in

the range I x 10 - < t < 3 x 10 - , corresponding to 0.18 < kE < 26, were used

in the analysis. In order to obtain accurate absolute scattering data each

5 scattering intensity reading was normalized with respect to the incident

intensity measured with the same photodetector. The r.m.s. uncertainty of

i each data point is roughly 0.2%, determined from twenty consecutive readings

collected at 100-second counting intervals at a fixed temperature. The te-

l perature .as stabilized to within 0.2 millidegrees. The concentration of

the mixture was within 0.4% of its critical value. Experimental &tails will

be presented elsewhere.

5When the precision of the data is a fraction of one percent, many small

effects, previously ignored, must be taken into account. Therefore, the

5 data are corrected for the following effects: (1) turbidity, (2) dcuble

scattering I , (3) temperature dependence of the intensity prefactor To-l (c/'c)

where P is the density, c the dielectric constant and c the concentration

3



I
(order parameter), and (4) entropy fluctuations, Brillcuin scattering1 2 and

I cell wall scattering. These effects were either measured or estimated from

I known physical properties of the mixture. The magnitudes of the turbidity and

double scattering corrections are, respectively, about 4% and 1% at k& - 10,

1 2% and 0.4% at k& - 3, and become progressively smaller as kC decreases. The

temperature dependence of the prefactor causes it to deviate from its value at

T by 0.1% at kr - 1 and 2% at k& = 0.18. The extraneous contributions f:omc

entropy fluctuations and Brillouin scattering are estimated to be roughly tw-

thirds of the scattering intensity at T-T 10 K and are nearly constant in

j the temperature range of the experiment.

Past determinations of the exponent n from scatte-ing expieriments have
lI

been difficult, partly due to the lack of a scalin), function g(x) of suffic-

13
ient accuracy . This deficiency may be remedied by using a "truncated Fisher-

Langer" approximant recently proposed by one of the authors 4. This repro-

duc~es to high accuracy the theoretically knwn Ising model correlation functionsI

in 2 and (4-c) dimensions. To facilitate the analysis we use a form linearized

in n. A numerical check confirms that the linearization is valid for the ima! .I

- values of n considered here. The reciprocal of the scaling function is given by: I

-1 W + -1+ + rits Wx - lnl+ x26 (2)-9 2
ii -1 2 . ~' r~1(+ x21 /36(2

where s 2 (x) is given by

S() 2du 2 11-F(u)] (3)
2 - J u(u + x1/9)

14 15

Here F(u) Ls the spectral function 14, :5 truncated so as to vanish for u < 2,

Iwhich is derived from the Fisher-Langer scaling function

4



(C X 2n C X I UjV+ C /X X/ for x>l

through the relation Im gix) (i~w~2/ 1  x[ 2 -" Y(Ixl/3).. The

Ispectral function may b,: "tfine-tune~d" by adding a constant contributioL. of

ftstrength v >, 0 in the range lt.u<2. This contril.utioa leads to the final term

in the square brackets in Eq. (2).

The data analyais is carried out ',y means of anon-linear least squares

j fitting procedure using five free parameters: an overall proportionalitY

constant 100 the critical expoaents v and n., the correlation length Wmlitude

IIand an extraneous Unteusity contribution .1. Ahe best f it values for
Aturn 3ut to be very cLre to the estimates discu-SL I above. Preliminary

Lanalysis indicated that the best fit values of r, &-d v are clt-,-e to 0.015 and

0.625 respectively. Subsequently for the finaI analysis we used an s (x
2

evaluated with v 5/18 and ai 118, the latter ierived from t7Ie hyperscaling re-

l ation 2 a 3v, and the -values 4~ 1154 0.0185, C 1.773 and C3 =2.745

derived from the E-expansion to 0(C ) M Te use of these values leads toL 14
spectral function of the expected shape .Since the best 'LIZ values of

the critical exponent6~ were found to be insensitive to the choice of v ithin

a physically reasonable range (0 < w <~ F(2) '.0.1.1), the value mw0 was used

in the final analysis. The closeness of the best fit valzws of v and n1 to
those used in calculating s 2(W supports a posteriori the self-consistency

of the analysis.

Eight experimental runs were available for this analysis, the results I

of which are presented in Table 1. The values for y and n4. which are the j R
basic exponents calculated by Baker et al. were deduced from v and n~ using

the scaling 1a" v(2 - n) ar' the definition fl, n - 2 +1I/v. The firstJU
six rurs were obtained with th-e scatteri ig bean located at the level wh~ere the

5
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Il meniscus would appear. In the last two runs this position was varied by 2 and

5 m w the earlier position. The reslts appear to be inepnet of the

3 level of the besa confirming the absence of gravity effects. The average

values and r.m.s. errors o! the critical exponents from the eight runs are

v 0.625 - 0.003 - 1.240 - 0.007 (4)

I n -0.016 ± .4 n --0.384 ± 0.010

When an extended scaling correction factor (1 + Ct' I ) ith 1 - 0.5 6, 18

was included in the analysis, we obtained C = 0.3 0.3 with insignificant

shifts in the exponent values indicating that the data are within the -range

of asymptotic simple scaling.

IOur results are rather similar to the exponent values calculated by

Blaker et al. from the Ginzburg-Landau-Wilson oodel using the Callan-Synanzik

equation6 :

I 1v - 0.627 ± 0.01 y - 1.2410± 0.002 (5)

T-O0.021±O0.02 n4-0.3843±0.00 3

The data were also compared with the predictions of ,iigh temperature series

expansions by fixing v and r at 0.638 and 0.041 and using an appropriate

14 I
scaling function 1 For cempaison, two deviation plts of a representative

experimental rin (run no. 3) are presented in Fig. 1. lhereas tie upper plot

with v - 0.625 and n 3 0.01:, does not show any significant deviations, snall but

noticeable systematic deviations do appear in the lower plot with v - 0.638 and

0.041. Our dat" thus seems to support the Ising exponents as computed by

a6

I- Our em-ponent Y is also in good agreement with the value of this exponent

- j found b- Rocten and Holdover for gases asymptotically near the critical

9point .However, unlike gases where the asymptotic behavior is not approached

- x 6



I
taless t = 10 5 , we find that for binary liqud. the range of asymptotic

I ahavior extends to t a 10 - 3 in agrement vith C.reer's analysis of the co--

existence curve of a binary liquid10

In conclusion we note that our analyh,.s diterLines both the exponents

3 and cks correlation scaling function. The close agreement between our retults

and those of Baker et al. indicates that binary liquids and the lsing odel

do belong to the same universality class. Moreover, unlike gases this

3 universal behavior is observable in a temperature range that is readily

accessible experimentally.

3 The authors are Indebted to R. A. Ferrell, R. W. Gaon, M. S. Green,

S. C. GrecK, P. C. Hohenberg and C. H. Mnobler for stliulating discus;ions

I and valuable remarks, to C. 0. Alley for as encouraging support and to

R. J. N. Boots of the University of Leiden for his assista.e in the Laalysis

of the data. The collaboration with Dr. ,oo-zs was supported by NATV research

3 grant 1065.
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TABLE I. EVERI)SNTAL CORRELATION FUNCTION ?AUMMM

r.mo.s. error
u O(A) ic n4 of fit

1 0.6218 0.0288 2.324 1.2257 -0.3630 0.24%

2 0.6295 0.0200 2.196 1.2463 -0.3913 0.232

3 0.6252 0.0169 2.275 1.2398 -0.3835 0.22%

4 0.6227 0.0175 2.315 1.2344 -0.3765 0.122

5 0.6250 0.0058 2.319 1.2460 -0.3937 0.202

6 0.6278 0.0122 2.274 1.2479 -0.3949 0.15%

7 0.-250 0.0108 2.313 1.2432 -0.3891 0.16%

j 8 0.6237 0.0158 2.317 1.2376 -0.3809 0.18%
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I FIGURE CAPTION

*Fis. 1 Percentage deviaticns beLt-e the masured scattering intensity

[j and the theoretical prediction using two different choices for

v1ndn
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